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PZEKMD?ARYTESTSOFA BURNER

PMM-XETAPELICAYEONS

By PaulW.Huber

asUMMARY.

FOR

Preliminarytestsham teenmadeof a mall lmrrmrtomeet
therequirementsforapplicationto i3up9rscmicr= jet~.The
principlrequirementsweretakenas: (1)efficientcombustion
ina hi~h-velocityairstreem,(2)utilizationforc.mdmstion
of onlya sm.11fractionof thetirpassingtlm@ theunit,
(3)low vesiatancetoairflow,(k)simpleconstruction,and
(5) light weight..

Te~tsof a smallWrner werecarriedto stremvelocities
ofnearly1~ feetpersecondandfml ratessuchthatone-
eighthtaone-fourthof thetotd airwasinvolvedincmibustion.
Commercial.propsnewm selectedas thefuels$.nceitslowboiling

—

pointfacil.itatedvaporization.

Cknnbusthnwhichwas80percentcomplateokm.gwitiglow,
aei”odynamlc10Sseswasobtained~ injecting‘@efuelevenl~,
pr~.orto ignition,andallowingIttomixwi+~tile-‘air‘without
emprecia%lyM stuzzb~thestresm.Thepressuredropdueto .“ . ‘
frictionallossesaroundtheburner and‘m the ad~cmt imide
wallsof thersxLjetis smaU comparedw3tlfitinepressuredrop
d,~to c~bu~i~.

IE’3!RomIoN

Thereis a needfcmInum.emtomeetthereqtiremen.tsfor
ap~l.icatfontohigh-speedramjets,suohasthesupmeonic
remjotkscribedinre:erence.1.Reference1 showsthathigh
?~elocttiesintheburrdngsectionarededrableinordertokeep
thefumkge slendersadsogivelowmrfuselagepressuredrag.
Itfollowsthatfric%tonallossesthrou~theburnerwillSLSO
b=- ~itit at ‘thehi@ internelTe10citie3. A systemfor
obtainingefficientcombustionwhenutillzingonlya suall

b
,



‘2 cods===N2.CARMNo.L6K08tI

,

fractionofthetotalairi.salsoimpor’%ntforremjets
(reference1).

Thetypeofburnerusedinpresenttwbojetunitswould
notbe applicabletoCLhigh-speedremjd becmzseofthehigh
aerodynamiclossesthroughtheburnerunitsasa resultoftumln&
s~tilirM,orpertlyblockingtheairtoobttiprop~rm?.~~~
andignitionin..ashortspace.Variousburnersarenowbdng
developodforrem,Iets,butnonehavebeenperfecteior swffi-
cientlytestedtodemonstratetheirsuitabilityfora supersonic
ram,jet.

Itwasthepurposeofthisreeeemchtodesigna burnerthat
wouldbe applicable+!ma supermnlcramjet. Theultimategoal
of thisworkwastoprovidea simpleandl.i$$htburnerwhich
wouldgivoefficientcombustionwith10VamoQnmmicloasm at
airwkceamvelocitiesof 300to400feetper~econdatover-all
fuel-airratiosof1/60to 1/120. Tn theyremntwork,which -
wm of a prellminm~nature,theairvelocityaheadofthelmrner
waslimitedto150feetpersecondduetclimitationsof the
testfacilities.Additionaltestsshould36madeathi@ei*stream
velocitiesendat,reducciiInletairpremmresandtcmperatums.

BUEWER-llE?EIKlliCONSZDERATIONS

.Selectimoffuel.-Considerablesimplific~tioninburner
dmignmaybe achievedife fuelis selectedwhichrequirmno
complicatedmeansof securingvaporization.Ifa fuelwiththe
properlowboik!.ngpointis selected,thepartialorcomplete
vaporizatimof-thefuelmig?htle accomplishedat some@nt in
theahplem orat thoskinwherea suitablosta~tionair
temperatureisavailable.An analysisof skin-frictionfuel
evaporatxmsWOUM benecessarytodeterminethispossibility.
ThefuelCOUM bo storedinflightina li@t imulatedtank
at lowtemperatureandatapproximatelycutmosphericpressuzze.
By useof smh a methodmuchof thebulkyequipmentintheImrning
airductwouldhe eliminatedanila smcethsupplyoffueltothe
burnerthatwouldbe indepmdentoftheburneroperationcouldbe
maintained.

Thefuelselectedfoi-theseteatswascOEEWcialW’cpme,
whichieobtainedinM.quiflformwitha vaporpressureofabout
120pounflspersquareinchabsoluteat70°F. Thefuelhasa
vaporpremmreof1 atmoephemat -k3°J?.;.Propsnehasaheat of
comlmstionslightlyhighe~ 750Btu/D),andan
air-fuelmtio of15.66is
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Mixingendefficientcombustion.- }m importantpartof any
comb=ion processisthepropermlxlngof fuelendair. When
a stresmof ga~eous fuel whichhasnotbeenmixedtithairis
ignited,thereisa strongpossibilitythatsomeof thefuel
W P~8Eti.z’ou@ltieburnerwithoutbeinge.~sedto mfficknt
airforcombustIon. Combustioninenatmospherelackingin
sufficientoxygenresult~ in theformationoffreecarbon, k%ich
radiatesa lazzgeamountofheatto the~i~~di~s (as h a
yellowflame)andpessesthrougl%aea wasteof availableenergy.
CsrbonmonoxidealsGisfmzned,thereactionby whichit is
formedhatinfla lowheatofcomlnlstiGn.It isimportantfor
efficientcombustion,therefore,tohaveall‘diefuelexposed
to sufficientairforc~bustion.C&eatlydisturbingthea~r
to oltainthisnixingcausesunnecessarylosse~,m thatItis
mostimportanttoInjectthefuelIn sucha mannerthatitwill
becaneevenlydistributedthroughouttheair. Itmightbe
necessary,however,ina finalburnerdesign,to@ve at mme
compromisebetweenburnerlosses&adrapidmixing.

DESCREZl?IOl?OFBUEWER

A sketch@f thecrosssection
of theramsetis slhownas flgwre

AND‘ZESTAE?AEL4TUS

oftheburnerandinnerpasse.ge
1. Theburnerconsistsofa

circularmifi ductsurrouqd%by anannulazzigntterat the
trailingedge.Theareaof themixlmgductisone-ei@ththe
areaenclosedby theinnerpassageof theramJet,sothatsmall
fractionsof tietotelaircanhe Wrned andtheair-fuel mixtures
are nearly stoichiometric.

Tats weremadeof a smallburner~ inchesfnd3ameter,
1 footlong,”locatedb a tubeof constantcrosssection5 inches
indiametarand7 feetlong.Thistubesimulatedtheinner
paesageof a ramjetandwasmountedattheexitofa centrifugal.
blowwrwhichservedas theairsupply.Withthlablower,au air
velGcityofabout1~ feetpersecoti”wasavailableunderconditions,
of operation%ithmaximumfuelflow. A static-anda tatsJ_-

pressuretubewereInstalled!#incheEaheadofthe”burner,and

staticorificeswei-e pZacedat intervalsof h inchesalongthe
innerpas-e of theremjet to about~ burnerlengthsdowstrwem
fromtheburne~-.

process.- Cneof themainfeaturesof theburnertested
istfiatthefuelmd airaremixedbeforeignition.Nesrthe
leadingedgeoftheburnergaseousfuelis inJectedintotheair
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streemthatpassesthroughtheburner.ThefualisinJected.at
rightav.glestotheairstr~~atgageyressuresup to=)pounds
persquareinchthroughf~veholes.thata& O.O@ ti.ch‘infihneter t

endlocatedaround‘theinnerw~. oftheburner.KFjieinner
passa~eof theb~er s6fioEIasa mixing(luctbefore.i~iifmn .

a+ thetratlingedge.Mix-ingresultsfrmidiffudonofthehigh-
-pressureJet~qd~~ occ.~~d- fiethe ~ece~~~ ~ accel-
eratethejetinthedirectionoftheairstream.tiorderto
increasefurtherthettmeandturbulenceavailableformixinG,
theinnerductismadediverging-convergingtoaslargeanaxea
at themaximumsectionas spacepermitswithoutdestroyingthe .
outerStre-ine ofthebuxuer. ;-

InasmuchastheinletareaofthemixingductiQone-ei@th
theareaoftheironerpassageof therem~qt,thefuel-air
mixture.ie.twicethatof stiichiometrici-fa streemtubeof
ram-,letvelocityfKU.stheinletandIfone-fourththetotal
airieto39 tivolwdincombustion.Thefuelrates cov9red.in .—
theteat~were.tiosgnecessw”toinvolveletvemione-6i@thand
one-fcmrththototalair@ combu&ion,Sothatthemixturein —.

tinemlxhg duch.-wa~alwaysstoichicmetrieorrfckar.F.%onthe
mixtureleavestheb&_&r end-is-ignited;therefore,turbulent
spreadingof the.streemtube(mixi~wttl”-otherair)tendsto

,

keepthemixtu-enearstoichiometric.asitbeconeeleaner. —

Ignitionproces8.-Th9ignite~flemeisannularandsurrounds
the~in fuel-ai2mikture.Airis &&en intothei~iterannul.us
%Y ramattheleadingedgeoftheburner.3iuxm”@18 uniformly
spacedholes1/16inchinGlemeter. Fuel is tiJec%iIntothe
i@_d.terennuluethroughnineholes,0.012~ch indiemeter,which
arelocatedad@centtotheinnerendsof thePA%WLOUSIYmentioned
18holesthroughwhichtheairenters.$pcauseof the-diffueicm
of’theairenteringtheignitersnnulus,thevelocitythrou@this
partofthekmrnerisrelativelylow,&ch allowsamplemtxing
ttmeforthefuel,and,a$rbeforeignitio~by thesparkthatis
providedat thedo~mstreemoutlet of-the.gnxmlusin-q-ues~fori.
Thewidthoftheigniterannulusis1/2Inch.By surroundingthe
main?m@hrewithigniterfleme,therei%lesschanceoffuel
fromtheimer mixtureescapingto thes-Zi’round&~air%ZLthout
beingignited.Theigniterfuellinewah”madeseparatelycon-
trollable,althoughthis-separationshou!Ldnotlenecesseryin.
a fullyCeveloSedburner.CalibrationsQf igniterendmainfuel
flowswereobtainedasfunctionsof fuel-lainepressz~es%y
placingthebmne~ andthepropanetankpn a scaleendrneasuring
thedpcreaseinweightperunittimeat~ariousfuel-line
pressures.These~arated.regiondu~”to,theigcdterannulus
constitutesthemainobstructionto smoothairflowpastths
burner.Thisobstructionis16percentofthecross-sectional
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SYMBOLS

~

cross-sectionalarea,squarefeet

specific heatof airatconstantpre~smre,foot-povnds
perslugper‘F

specificheatof air-propanemixtureat constantpressure
andaveragetemperatureof stations1 and3,foot-younis
perslugper‘?

fractionof totalairtheoreticallyhrr.tedwith pzwpane

Heatadded
Unitmass ~ foot-poundsper61ug

yersquarefootabsolutepressure,pounds

Ap=pl -pa

q @nsmicpressure,poundspersquarefoot

R gemconstsnt,foot-~unhperslug per OF

T temperature,% absolute

v velocity,feetpersecond

P density,slugsperCllbicfOOt

Subscripts:

L enteringair

B exitairtowhich

3 extt air to which

no heathasbeenadded

heathasbeenadded
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Combustionefficicmcyaea functionof etatic-presmuw
‘Di order to evaluate theefficiency ofcomhusticm,gra!lien.~,.-

thestatic-pressuredropacrosstheflemewasmeasuredandcompared
withthetheoreticalpressure.hp tobe ex~ectedfo~’ccmplete
combustion.Thismethodcanbe Justifiedby thefo120win~unalyeis:
It isassumedthata mixtweofai?andpropaneentez-sa conwknt-
areaductat atmosphericconditionsandthatanamountofenergy
equelto theheatof combustionof thepropaneisaddedtothe
streamUnifOi?Dd.ywdthoutfrictionalloss.Theasmunptionthata
fuel-atrmixturerathertlnenairenterstheduct,a~ istheactuel
case,ismedeto simplifythecalcvlati~s.TheerrorinmaEJs
flowintroducedby thisassumptionisnotl~ge, forattine
maxhumJ fusl--ei.rrationecessaryto involveone-fourththeair

, .. --“-

incombustion,‘&.em.ssoffuelInjectedlgonly1#percentof
thetotzdmass. Changeof

c%
withtemperatureis incl.u&din

tlmcalculations.Calculationsa%.basedoncompressible-fluid
theoryas fellows: #“

( Heatadded1

[

titllollt \ 3 .
frictionalloss

—

}
1.

The ener~- equationis

(1)

Simu.lteaeoussolutionof equation(1)withtheequationsof state,
continuity,andconservationofmomentumwillyieldfor Ap/~

A plotof Ap/~ asa functionofthefractionof totel

(2)

airtheoreticallyinvolvedincombustionwithprop&e,asgiven
by equation(2),isshowninfigure2. Thecalculationsare
basedon an initialvelocityof100feetpersecondandan initial
tanperature of 550°F absolute,sincetheinitial conditions h

.
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thelmrne~testswerenearthesevalues.Itcsnbe seenfrom
figure2 thatforthisrsngeoffractionsof totalairburned,
at tileinitial.conditionsgiven,Ap/~ isa linearfunction
of theheata?ded.Comparisonof a measuredpresstiedropwith
thecaJ.culate&pressuredropisthena measureofthecompleteness
of ~omhustion.

.Effectofnonunifonnadditionofheat.-W or~erto iietemine
tineeffectofnonuniformail.dftionofheattothestream,pressure
?nps werealsocalculatedforthiscase. Itwasassumedthat
heatisadde~withoutchcmrlcalreactiontooneof tw airstreams
containedina constant-areaduct,thatnomixingor exchangeof
heattakespl~e betweenthetwo&treeuns,andthatthestatic
pressuresof thetw stresmsereequalatenypoint.The
aneiLyEIisismeileforcompressiblefluidflow.

Al 2

1 ---
‘~eat addedwithout

\
frictionalloss

A=1 It 3

Sincetheductis

The adiabatic
addedis

relation

of constantcrosssection,

b

whichno heathasbeen

Theenerfgequationfora streamtowhichno heathasleen

)V=a

for thewholeductis

(3)

(4)

(5)

(6)
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Theequationsof ccmkbmltybetweenstations1 an,l2 andbetvben1
enii3,alongwitht~eequationsof state.foustattons2 anfi3,w-e
e.lso.usedendfromtheori@nalassmnptionp~ is equalb *. a
Xf T3 isassumedtobe kmawn;a solutioncanbe o%tainodby

—

combiningSU theequationsexceptequation(4)intocmeexpression
with ~ end T2 aeurimowm.W%enthisexpressionfs solved __ .__
simultaneously@-thequatton(,4),thefollowingequationiai
obtained:

~. > ....@”” [ 2cpT1[-~:y/j+T.:~

(A.+A1’)I+J$ .–h ~
‘--” ) ‘

—.———
-1 l“

‘ “~c,+&jy’’j+vr2[ ,,.(’$+2/7J
L.-.

(--

Themcmntofheatthathaebeenatidedcanbe foundafter
thesolutionof equation(7) %y findi?vjthevalueof V3 andthe
s’ti~ationvalueof T3. Th~.snethodwaqusedtoreducethe
n~ber of equations.A plotof Ap/~ as a fuwtion of the
f]?a~tion of tile.total,air Involved. in cotiustian is Shown in

figure 3 for cases where theheatisconfinedtovsriouefraotlons
of thGtotalduct.ThelovercurveIsextendedwithdashesto
indicatethat,becauseoftheextremelyhjghfibaltempe:”ature~
involved,valuesof % +nthisregionaredoubtful.It ia

%E%a!!B“

(7)

—

.
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unlikelythatthisexcessivemount ofheatwouldremainconfined
to thissmallpartof theductforanappreciablelengthoftime
inthisburningproblem.Figure3 cannot,ofcourse,he usedto
providea quantitativepicture,becauseit isforan idealizedcase.
Thisfigureshows,however,thatthefullpressuredropdueto the
cmknzstionprocesswillnotbe realizedumlesstheheatis
distributeduniformly.

RESULTSAm mscussIoiY

Evaluation of results.-—— h all the tests of the lmrner with
Its vaxious modifications, the combustion d results wore studied
mainly by “comparison of measured pressure drops with the theo-
retical pres3ure drops ta be expected when caalwsti.cm is complets
and the heat is distributed unifomnly. The additionof heat.
couldbe studiedovertheccmpletelengthof theflameby studying
theprogressivestatic-pressuredrop. .4ty@calmeasured
pressuz”edistributionis shovmh figure4..

Resultsobtainedwithoriginalburner.-Thefirstburner
testedwasof thesameinnerendouterdiemeteras thatsho~m
in figure1, was6 incheslong,andthemixingducthadno
divergence.Igniterfuelwasinjectedinthesamemanneras in
figure1,butthemainfuelwasinjectedh a downstream
directionthrougha fuelnozzlelocated2 inchesupstresmfrom
theleadi~edgeoftheburner.Thepressuredropsmeasured
indicatedthatthecombustionwasabut 45 percent complete at
an initial velocity of150feetpersecondatvariousfuelrates,
althoughtheflemewasblueandveryanooth.Theigniterflsmm
wasaboutk incheslong.Movementoftlfiemainfuelnozzle
eitherupstreamordowustresmproducedanadverseeffecton
combustion,butineverycaseficmtbustionbecsmemme nearly
complete as thevelocitywaslowered.

-Modificationsof originslburner.-Burnersof theoriginal-
lurnertype‘werethentestedwithigniteramnul.i1/4inchand
3/8 inchtide.Datacouldnotbe obtainedatthehighervelocities-
above100feetpersecond- withthesemsJJ.er@nitersas the
i~itionwasin+~mxtttent.ThevisibleQ@ter flameextended
about1 to2 inchesbeyondthetrail= edge.Thesetests
indtcatedthatmixingwasnotsatisfactoryinammchas the
completenessof combustionincreasedasthevelccitywaslowered,

endthatthelongerIgniterflenwobtainedwiththe+inch-w?de
annuluem neededforsteadyi~ition.

J . .
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Finallmrnerde~ign.- TheImrner showninfigure1 was .

teste~rst withthe~fn fuelnozzleusedtithorigimlburner
andthenwtiththeinjectionsystemshowninfigux”e1. Com-
bustionwasabout10percentmorecompletewiththefuel-
in,jectionsystemshown,althoughbothconfigwationsgavecom-
bustionmuchmoreneerlycGmpletethenthoseof theprevious
burnerstested.Thisimprovementisattributedtomore
satisfactorymixing.

Thepressuredropemeasuredduringtheimst8.oftheImrner
showninfigue1 atvelocitiesof100ti130feetpersecond
areplotte~infi~e 2. Itcanbe seenthatthecombustion
withthisburnerisabout80percentcompletekhenth9pressure-
dropmethodofcmmperisonisused.Thepressuredropusedin
calculatingthecompletenessofcombustionwasthepressure
dropmeasuredduringburningminusthepresswedropmeasure&.
at thesamevelocitywithno Tnuning.Thelatterpressuretip
duetoburnerandmillfrictionwassmall

@=009 hcmpm’”on “-
withthepressuredropduetmcombustion,l’utthef’avorahlo
errorthatwnuldbeobtainedwhentheburnerFad wall friction
are not consfflere~~,~savo~ded, A ckeck on thecompositionof
theexhaustgasaswellastheunburnedfuel presentwasobtained r
by a gasanalyzerbasedon theOi%atprinciple.Threesamples
weretakensimultaneouslyacroestheinnerpassageof therem
letat thepointwherethefinalstaticpvessurewasmeasured.
Theaverageof these’threeanslysesshovedthat84 percentof
thefuelwasburned.Ex3mA-gas semplesjhowever,mightnot
havebeenaccurate,eveninthesecomparativelylow-tomperaturs
burnertests,becauseof surfacecombustionat thesamjLLng-
tubewalls.

Theflemeswereobservedthrougha sme.1.lwindowlocateda
fewinchesdownstreamfromtheburnerandv,mreblueoverthe
completerangeofvelocitiesandfuelYatesmeasured.This
blueness,however,isnotnecessarilya criterionofthebest
combustionefficieulcy.Theigniterfleme!extendedfrcrnthetrailing
eme of theburnertoabut k or ~ inches,downstremn,andtile
mainflemeextendedfromthetrailingedg;-taabout3 or ~ burner
lengthsdownstream.Burningwassmooth@th onlymmll presmnm
fluctuations,emdthemainmi.xturecouldbe ignit.@atanyof
thevelocitiesandfuelratestest@. Thetemperatureof the
atmospherewassufficientforvaporizationof thefuelinthese
testswithouttheafdof a separatefuelvaporizer.

.
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CONCLUDING

SL

Preliminarytestsofa small
smdtestsof thisturnerindicate
istics(combustionwas80 percent
lossesat theconditionstestefL
combustionwassonearlycomplete

ram-~etburnerhavebeenmade
efficientcombustioncheracter-
ccmplete)andlowaerodynamic
Thefactthatthemeasured
isduemainlyto themethod

of fuelinjectionandtomixinqoffuelandairbeforeignition.
Thepressuredropdueto frictionallossesattheburuerand
at theinnerpassageoftheremjetis ~11, sincetheairis
notgreat=~isturbedto obtainmtxingandignition.

It isbelievedthaten investigationof thechaz-acteristics
of theburnershouldbemadeat stueamvelocitieshigherthan
lx feetpersecond.,efterwhichenydestiablemodifications
couldbe incorporated.A.largerburnershoul~thenbe tested
at thedesiredhighvelocitiesandreduc~inletairpresswesand
temperatuz-esforapplicationtoa ram-jetairplane.

LangleyMemor~alAeronauticalLaboratory
NationslAdvisoHyComnittsefor

LangleyField,Va.

REFTZUZNCE

J-eranautics

1. ElliB, Ikon ~., Jr.,andBro~, C~~nEc: ~~yeis of
SupersonicRem-JetPerformanceandWind-TunnelTestsof
a PossibleSupersonicRem-JetAirplaneilode~.NACAAC!R
?’?0.L5L12,1946.
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fuelline
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““ /Mx:ng /
Dead-airregion
for igniterflame

Innerpassage
of ram jet

. .

Frontview

NATIONAL ADVISORY
COMMITTEEF09AERONAUTKS

Figure1.- Modelram-jetburner.
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o0 .05 .lb .1s .
Fractionof total.airtheoreticallyInvolvedin

ac+mbuatlonwithpropane

Figure2.-Comparisonofmeasuredpressuredropsaorossram-::tjyervlthressurodropsoaloulatedforoomplbteoombuatlon.
?velooty,approxlmutely100feetperaeoond;in!tial temperature,

approximately35Cf’F absolute.

,.
— — — Valuesof OP indoubtinthisreglon ‘ I I

f Heateddedtoone-halfthepas61

I I

1// /

Heataddedto one-fourththepa8aase

MATIONALASVISOW
COMMITTEEFM AERONAUTICS

Praotionof totalairtheoreticallyinvolved in
oombustlonwithpropens

Pi~re 3.-Comparisonof calculatedpressuredropss.oroasconstant-~rea
duot to WMchheathadhen addeduniformlyand nonuniformly.Inl-
tlslvelooity,ap~oxlmately100feetperseoond;initialtemperature,
apmwximately550 F absolute.
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Inner passage of ram jet
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Figure 49-

Distance downstreamf’romtotal-head tube, in.

Typloalmeasured pressure distribution along combustion tube.
Initial velocity, 120 feet per second; F = 0.16.


